Background: We aimed to evaluate size changes of the thoracic aorta during the cardiac cycle with dynamic computed tomographic angiography (CTA) at specific anatomic landmarks in patients who previously underwent ascending aorta repair because of type A dissection, and to correlate aortic wall motion with several cardiovascular risk factors. 
Introduction
Among aortic diseases, dissection is relatively common, with an incidence of 2.9 cases/100,000 persons per year, its natural history being characterized by high early and late mortality rates [1] . As confirmed by recent guidelines [2] , urgent surgical repair is the gold standard for treatment of dissection involving the ascending aorta (AA) (Stanford type A), and the suggested imaging techniques for preoperative and postoperative evaluation in this setting are computed tomographic angiography (CTA) or magnetic resonance (MR) angiography [2] . Standard imaging techniques, like computed tomography, give a complete diagnostic work-up, but cannot measure dynamic, pulseassociated changes of the aortic geometry, resulting in sizing failures.
During the cardiac cycle, the thoracic aorta has the important role to reduce pulse pressure, smooth peripheral blood flow, and enhance the efficacy of the entire cardiovascular system; its abnormalities may result in several cardiovascular diseases [3] . Furthermore, aortic elasticity is extensively accepted as an independent predictor of adverse cardiovascular outcomes at an early stage [4] . Hence, the evaluation of aortic elasticity noninvasively appears of great interest. With the development and application of dynamic imaging techniques such as electrocardiography (ECG)-triggered CTA and MR angiography, it has become possible to study the aortic motion and distention during the cardiac cycle [5, 6] .
The aim of this study was to utilize ECG-gated CTA to examine thoracic aortic motion during the cardiac cycle at specific anatomic landmarks in patients who previously have undergone AA surgery for type A dissection. First, diameter and cross-sectional area changes were analyzed at different levels; second, a correlation between several cardiovascular risk factors such as smoking, diabetes, hypertension, and age and aortic wall motion was done to gain a new insight into elastic properties of the thoracic aorta in order to possibly give such patients a tailored follow-up.
Materials and Methods
A series of patients who had previously undergone AA repair for acute Stanford type A dissection were studied using dynamic CTA. This study was approved by each institutional review board, and written informed consent was obtained from each patient before performing the investigation.
Patient Data
From December 2008 to December 2010, 44 patients underwent surgery because of Stanford type A aortic dissection. Among them, 18 patients, selected because of no extension of dissection to the arch or descending aorta, were examined with ECG-gated CTA and included in the study. The clinical characteristics are summarized in Table 1 . There were 14 men (78%) and 4 women (22%), with a mean age of 64 Ϯ 12 years; dividing them into two age groups (Յ 55 and Ͼ 55 years), 12 (67%) were Ͼ 55 years. All were in sinus rhythm; 7 patients (39%) had diabetes controlled with oral therapy, 10 (56%) had hypertension (defined as a systolic pressure Ͼ140 mm Hg and a diastolic pressure Ͼ 90 mm Hg) treated with beta-blockers, 6 (33%) were smokers, and 2 (11%) had dyslipidemia. Two patients (11%) had undergone aortic valve replacement for valve regurgitation prior to acute aortic dissection. No patient had chronic pulmonary disease or extracardiac arteriopathy.
Operative Data
At first presentation, all patients were affected by Stanford type A acute aortic dissection and underwent emergency operation. The procedures performed are listed in Table 1 : 11 (61%) had replacement of the aortic valve and AA with coronary artery reimplantation, 3 (17%) had AA repair and coronary artery bypass grafting, 2 (11%) had AA and hemiarch repair, and 2 (11%) had simple AA repair.
Follow-up
Patients undergoing repair of an acute aortic dissection are usually assessed clinically and by CTA or MR angiography at discharge and then 1, 3, 6, and 12 months after surgery and, if stable, annually thereafter [2] . In the present series, follow-up ranged from January 2010 to December 2011, while ECG-gated CTA was performed at a mean interval of 12.2 Ϯ 1.7 months from operation.
Image Acquisition
Our CTA (Light-Speed VCT 64, GE Healthcare, Milwaukee, WI, USA) protocol has been described previously [7] .
Using retrospective ECG-gating, reconstruction of at least 10 series synchronized with the cardiac cycle (0-90% of R-R time with steps of 10%) was obtained. Transaxial images were reconstructed using a slice thickness of 0.625 mm and 0.625 increments. The data were then transferred to a dedicated workstation (Advantage Workstation 4.3, GE Healthcare, Mil- waukee, WI, USA) for postprocessing. We used multiplanar reconstruction of the thoracic aorta in each ECG-gated series and a specific program for the automatic recognition of the contrasted vessel lumen for evaluating diameter, circumference, and area of the thoracic aorta in the different phases of the cardiac cycle, using manual correction when necessary. According to the protocol used [7] , data acquisition was obtained at a heart rate Յ 65 beats per minute for best temporal resolution; to obtain this, beta-blockers were administered when required. Four anatomical levels were selected to evaluate aortic size changes: 1 cm proximal to the origin of the left subclavian artery (level A), and 1 cm (level B), 3 cm (level C), and 10 cm distal to the left subclavian artery (level D), as shown in Figure  1 . The measurements were done by two observers who performed the segmentation twice for calculation of intraobserver and interobserver repeatability. After segmentation of the aortic lumen in each cardiac phase, diameter and area changes over the cardiac cycle were measured. Diameter and crosssectional area changes were considered as the difference between minimum and maximum size during the cardiac cycle, measured between the outer walls of the aorta (adventitia to adventitia) at any level, in a reconstructed plane perpendicular to the vessel centerline. Additionally, data were assessed for the presence of diabetes, hypertension, smoking, and age, dividing the study population into two groups, those Յ 55 years and those older.
Data Analysis
Statistical analysis was performed using the software SPSS 11.5 (SPSS Inc, Chicago, IL, USA) and GraphPad PRISM version 4.0 (GraphPad, San Diego, CA, USA). All data on diameter and cross-sectional area are presented as mean Ϯ standard deviation (SD) and categorical variables are expressed as number and percentage. To test normal distribution, the KolmogorovSmirnov test was used. To analyze statistical differences between minimum and maximum diameters and areas during R-R interval at each level in each patient, paired sample T-test was applied. To evaluate the role of different cardiovascular risk factors on diameters and area variations, Student's T-test for unpaired data was used. A p-value Յ 0.05 was considered statistically significant. The intraobserver and interobserver repeatability was analyzed with Bland and Altman's [8, 9] comparison method. All the measurements demonstrated good repeatability.
Results

Mean Aortic Diameter
The results are shown in Table 2 and in Figure 2 . The mean aortic diameters demonstrated statistically significant change (P Յ 0.05) during the cardiac cycle at each anatomical landmark. We found a mean change of 5.5% at level A (range 0-10.3; SD 3.3, with absolute change of 1.6 Ϯ 1.03 mm), 5.2% at level B (range 8-8.8; SD 2.8, with absolute difference of 1.4 Ϯ 0.7 mm), 5.1% at level C (range 1.7-8.6; SD 2.06, absolute change 1.6 Ϯ 0.7 mm), and 5.8% at level D (range 0-18.1; SD 5.7, absolute difference 2 Ϯ 2.3 mm). Comparison of the intraobserver diameter measurements revealed a mean bias of 0.19 mm, while the interobserver diameter measurements showed a mean bias of 0.08 mm.
Mean Aortic Area
The results are shown in Table 2 and in Figure 3 . The mean aortic area changes were statistically significant (P Յ 0.05) during the cardiac cycle at each anatomical landmark. Considering area changes during the cardiac cycle, the mean change was 8.3% at level A (range 0.6-16.9; SD 5.6, absolute value 56 Ϯ 44.7 mm 
Evaluation of Cardiovascular Risk Factors
The results are shown in Tables 3 and 4 . According to patient age, no statistical difference was observed, either in aortic diameter or in aortic area changes. The only significant data were the change in aortic percentage area at level D, being 19.4 Ϯ 11% the change rate in patients Յ 55 years and 7.9 Ϯ 6.8% in those Ͼ 55 years.
Considering diabetes, there were significant differences at level D, both for diameter and area change. In diabetic patients, at level D, the absolute diameter change was 3.7 Ϯ 3 mm and the percentage change was 10.4 Ϯ 6.8%. In nondiabetic patients these values were 0.9 Ϯ 0.7 mm and 2.9 Ϯ 2%, respectively, reaching a p-value of 0.05 for absolute diameter change and 0.03 for percentage change. The percentage area change differences reached a p-value of 0.04, being 21.5 Ϯ 12.8% of the percentage area change in diabetics and 8.5 Ϯ 6.4% in nondiabetics.
As for hypertension, at level A, hypertensive patients had a mean aortic diameter modification of 1.1 Ϯ 0.9 mm and a percentage change of 3.8 Ϯ 3.3%, while in nonhypertensive patients the same measurements revealed 2.2 Ϯ 0.8 mm of mean diameter and 7.8 Ϯ 2% of percentage change (P ϭ 0.01). At level D, mean diameter change was 0.7 Ϯ 0.4 mm in hypertensives and 3.6 Ϯ 2.8 mm in nonhypertensives (P ϭ 0.02). At this level, percentage diameter change was 2.8 Ϯ 1.9% in hypertensives and 9.5 Ϯ 6.7% in nonhypertensives (P ϭ 0.03).
In tobacco smokers, a borderline significance was evident at level C and D for aortic area change. At level C there was a mean aortic area change of 29.6 Ϯ 12.5 mm 2 in smokers and 303.7 Ϯ 317.9 mm 2 in nonsmokers (P ϭ 0.06) with a percentage area change, respectively, of 6.2 Ϯ 2.7% and 29.2 Ϯ 23% (P ϭ 0.04). At level D, mean area modification was 30.1 Ϯ 14.5 mm 2 in the smokers group and 145.1 Ϯ 116.9 mm 2 in the other (P ϭ 0.04) group, while percentage area change was 6.2 Ϯ 3.9% in smokers and 15.7 Ϯ 10.9% in nonsmokers (P ϭ 0.06).
Discussion
The present feasibility study was intended to evaluate aortic size changes in order to characterize type A dissection in a time-resolved method, obtaining morphological and functional information at the same time, which could be useful to achieve possible indicators of the course of the disease. Our results, even though they were derived from a small patient sample, show that there is a correlation between aortic size modification and some cardiovascular risk factors and that their impact is different at different anatomical levels. These data, even if obtained from a different subset of patients (dissected aorta), confirm other observations from the literature [10] [11] [12] [13] , providing further information on the dynamic behavior of the aorta and focusing on specific risk factors not analyzed before, such as diabetes and smoking.
With the development and application of dynamic imaging techniques such as ECG-triggered CTA and MR angiography, it has become possible to study the aortic motion and distention during the cardiac cycle [5, 6] . Several studies showed significant aortic distention at important landmarks in the abdominal, ascending, and descending thoracic aorta [5, 6, 14, 15] .
van Herwaarden et al. [5] studied aortic distention using ECG-triggered MR angiography, showing that in patients with atherosclerotic aneurysm disease, the aortic dimensions at the level of and proximal to the aneurysm neck change during the cardiac cycle. Muhs et al. [6] used dynamic CTA to demonstrate changes in thoracic aortic diameter in a patient with abdominal aortic aneurysm. According to their findings, the native aorta exhibits significant pulsation with each heart cycle, and this could have major implications for endograft efficacy and durability. van Prehn et al. [14] evaluated pulsatility and motion along the AA using ECG-triggered CTA. They demonstrated that the dynamics of the AA and the arch vessels were impressive: diameter and area change and center of mass movement of the AA were determined in 15 patients at surgically relevant anatomical levels. They showed significant size change at all levels, with the biggest pulsatility 5 mm distal to the coronary arteries. Such results should be taken into consideration when designing new branched or fenestrated endografts for aortic arch repair, since they could influence ultimate clinical success. Furthermore, the same group reported in 2009 [15] the use of dynamic CTA in pre-and postoperative thoracic endovascular aneurysm repair (TEVAR) patients, finding significant distention of the aortic arch and descending aorta during the cardiac cycle, before and after TEVAR. In other reports, similar observations were made using M-mode ultrasound and intravascular ultrasound [16, 17] . Focusing on cardiovascular risk factors, our data have shown that smoking has an influence on aortic stiffness at level C and D, even if at the latter level the statistical significance is borderline. At levels A and B, smoking shows no impact. This indicates and seems to confirm, at least in part, that tobacco smoking causes endothelial dysfunction decreasing flow-mediated vasodilatation [18] . In our patient subset, diabetes has a role on aortic wall motion at level D, but no significance is reached at more proximal levels. Further data might reinforce this finding, suggesting a different ultrastructural action of glucose at different levels of thoracic aorta. Should this be the case, such data might justify a more aggressive antidiabetic therapy in patients who previously underwent aortic operations on the ascending aorta, in order to prevent subsequent ultrastructural damage of the aortic wall and disease progression beyond the site of the original repair.
Our measurements showed that hypertension had a major impact on levels A and D, confirming that it is one of the most important risk factors for aortic stiffness [10, 19] . It must be underlined that all of our patients were treated with beta-blockers, which could also influence aortic plasticity [20, 21] . However, close CT follow-up and aggressive treatment appear indicated to prevent possible progression of the aortic lesions in hypertensive patients.
Our data did not reveal any significant correlation between aortic wall motion and age. These findings differ from those present in the literature [11, 19, 22] and might be due to the small sample size. Ganten et al. [11] showed an age-dependent decrease of aortic wall elasticity using ECG-CTA. Metafratzi et al. [19] , in a MR-study, showed that aortic distensibility decreased with age and was correlated with various diseases, such as hypertension and atherosclerosis. More recently, Li et al. [22] evaluated 56 healthy patients using dynamic CTA showing an agedependent decrease of elasticity of the thoracic aorta, considered as due to the natural aging of such vessels.
The most frequently employed modalities for studying the aorta are CTA or MR angiography with 3-dimensional reconstruction which, however, give only static images of the aorta undergoing natural dynamic changes during the cardiac cycle [23] . Several techniques have been suggested to measure elastic properties of the aorta. These include pulse-wave velocity measurement employing either MR-velocity analysis [24] or Doppler ultrasound (DUS) [25] , which monitor change of vessel cross-sectional area between systole and diastole. Among different proposed techniques, DUS is a simple and convenient method, but it is operator dependent and suffers from the difficulty of imaging all the parts of the aorta in a single view. Furthermore, the visualization during DUS can be influenced by the adjacent structures, particularly by bowel gas. In contrast, MR can be more objective than DUS and more useful in evaluation of vessel wall motion during the cardiac cycle [23] , but its availability is limited, the acquisition of several pulse sequences increases the scan time, and monitoring of unstable patients can be difficult. Finally, the spatial resolution of MRI is currently inferior to that of CTA [11, 22] . Therefore, although it causes radiation exposure, CTA is still the preferred method to screen aortic pathologies. With ECG-triggered CTA, original patient data can be reconstructed retrospectively during diastole, systole, or anywhere in between, and functional assessment can be obtained without additional radiation exposure or further examinations.
In conclusion, our results demonstrate that smoking, diabetes, and hypertension reduce aortic wall motion in patients who have undergone repair for acute aortic dissection when measured with dynamic CTA at specific anatomical landmarks. Despite the fact that our results are preliminary and based on a small sample size, representing the main limitation of the study, we believe they allow additional insight to be gained in the knowledge of aortic wall dynamics. Evaluation of aortic distensibility and stiffness might be useful to predict wall structural alterations due to the influence of cardiovascular risk factors, such as atherosclerosis, smoking, or diabetes, before they become morphologically apparent. The correlation between aortic distensibility and the clinical features of each patient could suggest different timing of surveillance, tailored and designed for each subject after repair of aortic dissection, together with more aggressive treatment of specific cardiovascular risk factors. 
